Abstract-Silver sintering is used to bond five components together in order to form a piezoelectric sensor. A description is provided of the preparation of these components, and of the manufacturing steps, which are carried out at a low temperature (280 • C). The resulting sensor assemblies are then characterized: Cross-sectional views show that the silver layer has a very dense structure, with less than 1% porosity, although further focused ion beam investigations show that this porosity is closer to 15%. The shear strength is approximately 30 MPa. Young's modulus of the silver bondline is measured using nanoindentation, and is found to be comparable to that of bulk silver (56.6 GPa). Finally, a silver-sintered sensor is compared to a sensor bonded using conventional techniques, showing that an improvement in sensitivity by a factor of more than 3 is achieved.
I. INTRODUCTION
V IBRATION sensors are used for a variety of applications. As an example, in oil and gas exploration, they are used to monitor the pressure and viscosity of the downhole fluids. These sensors are usually made from a stack of piezoelectric transducers and metal components. An example of such a stack is shown in Fig. 1 . This (simplified) exploded view shows the electroactive element of a larger sensor design, which is disclosed in a patent [1] . The use of silver sintering to assemble this vibration sensor is protected by another patent [2] . The principle of such a sensor is to measure the resonant frequency of the piezoelectric elements, which can be used to determine various properties of the surrounding fluid (viscosity, density, and so on).
As wells become deeper, drilling tools are exposed to higher temperature (200 • C and more [3] ). In the future, ambient downhole temperatures could even reach 600 • C for certain geothermal applications [4] . These conditions will require the use of high-temperature capable electronics and sensors.
In the case of vibration sensors, their assembly is an important issue since the various components used for the Exploded view of a vibration sensor. Two vibration elements (PZT ceramics) are used in this device. stack are either soldered or bonded together with adhesives. As the melting point of high-temperature solders exceeds the Curie temperature of most piezoelectric ceramic (usually less than 330 • C [5] ), a polarizing step is required following assembly of the stack. As an example, conventional highmelting point (HMP) alloys require a process temperature of 380 • C. Although adhesives allow a simpler process to be used, they degrade rapidly at temperatures above 200 • C. In some applications with hermetic packaging, outgassing of the adhesive is also a concern, as it can lead to the failure of the devices.
High-temperature power electronics are faced with the same type of challenge: How can semiconductor dies be bonded using a process that does not damage them, yet enables their long-term operation (including thermal cycling) at temperatures above 200 • C? Several surveys [6] - [8] have been conducted in recent years in an attempt to address this challenge.
For the assembly of vibration sensors, some technologies can be discarded immediately: All high-temperature solders (AuGe, AuSn, and so on) require process temperatures exceeding 300 • C; silver-glass systems have a similar limitation, with a firing temperature generally greater than 600 • C [7] . Conductive adhesives were not investigated in detail in the aforementioned surveys, as their electrical and thermal conductivities are usually too low for power electronics applications. There are two remaining technologies that require a moderate process temperature while offering a high-operating-temperature capability: transient liquid phase bonding (TLPB) and silver sintering.
TLPB (also referred to as solid-liquid interdiffusion) consists of placing a thin layer of a low-melting-point element, typically Sn or In (melting points at 232 • C and 157 • C, respectively), between two thicker layers of high-meltingtemperature elements (typically Ag, Au, or Cu, with melting points close to 1000 • C). This stack is heated until the inner 2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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layer melts and diffuses through the solid layers, thereby forming an alloy with an HMP. The kinetics of this process are described in detail in [9] . An application for the assembly of stainless-steel substrates has been presented in [10] : The stack, produced with In for the inner layer and Ag for the solid layers, is heated to 190 • C. A final melting temperature of 660 • C is achieved. A process temperature as low as 90 • C has been demonstrated in [11] . TLPB processes are usually based on thin metal layers (a few micrometers for the low-melting-point material), as this increases the bonding kinetics. However, when the parts to be bonded have a high surface roughness, the thickness of the layer of low-melting material must be increased in order to ensure that any cavities are suitably filled. As a consequence, the high-temperature ("buffer") layers must also have a greater thickness. According to [12] , a 1.5-µm surface roughness requires a 10-15-µm-thick Au plating on the parts to be joined, which makes TLPB impractical for the bonding of rough surfaces. An alternative technique is that of transient liquid phase sintering [13] , in which the metal layers are replaced by small metal spheres that are able to fill the asperities of more complex bondlines.
Silver sintering (melting point of Ag is 961 • C) is another technique allowing high-temperature assemblies to be bonded using a relatively low-temperature process (200°C-300 • C). A paste containing silver particles and various organic components (binder, thinner, and so on [14] ) is stencil-printed between the parts to be bonded. A thermal cycle then causes the organic materials to evaporate, and allows the silver particles to be sintered, thus forming a solid silver layer interface.
This layer of pure silver has excellent thermal and electrical conductivities (429 W·m −1 ·K −1 and 63 × 10 6 S·m −1 , respectively, for bulk silver), as well as a higher reliability in the presence of thermal cycling, when compared to regular solders [15] . As a consequence, this technique has been intensively investigated, especially for power electronics applications. Silver pastes are now available from several manufacturers.
Although most power electronic systems are operated at moderate temperatures (below 200 • C), silver sintering has also been investigated for high-temperature applications [16] . For example, in [17] , it was observed that no noticeable drop occurs in the mechanical performance of a sintered-silver die attach following heat treatment at 300 • C for 400 h.
In this paper, we describe the use of a silver sintering technique for the assembly of high-temperature vibration sensors. The manufacturing process is described in Section II and is characterized in Section III. Finally, the results are discussed in Section IV.
II. ASSEMBLY PROCESS
The vibration sensor shown in Fig. 1 contains two piezoelectric elements (PZT ceramic), separated by a silver electrode, and is enclosed by metal washers at both ends. Two metal alloys (inconel 718, Ni: 50%-55%, Cr: 17%-21%, Fe: 24.6%-13.2, Nb: 4.7 5%-5.5%, Mo: 2.8%-3.3%, Ti: 0.65%-1.15%, Al: 0.2%-0.8%; and stainless-steel 316L, 64%-66%, C: 0.02%, Cr: 16%-18%, Ni: 11%-13%, and Mo: 2%) are selected for their ability to withstand corrosion in harsh environments, such as that experienced by downhole tools, or the turbines of aircraft engines.
A. Preparation of the Parts
As the PZT disks (7.7 mm in diameter) are commonly supplied with silver electrodes (a silver paste, such as ref.
9910-C from ESL, or 7095 from Dupont, fired at high temperature), no special preparation was required for these disks.
A Ti/Ag (30-50 nm/2-5µm) coating was applied (by sputtering) to one side of the metal disks (8.3 mm in diameter). Ti was used as an adhesive layer. The Ag finish is well matched to the silver sintering process.
A pure silver foil (Goodfellows, 99.9% purity, 50 µm thick, laminated) was used for the central electrode. This was cut to the desired shape using a computer numerical control (CNC) milling (CIF Technodrill).
All the components were cleaned prior to assembly: 2 min in acetone (using an ultrasonic bath), 2 min in ethanol (ultrasonic bath), and were then dried using a nitrogen spray dryer.
B. Assembly
The layer of silver paste was applied using a manual stencil printing device, shown in Fig. 2 : This uses a lasercut, stainless-steel stencil with a locating pocket (the stencil is manufactured by bonding two laser-cut foils). This stencil is placed over the component to process (either a PZT or a metal disk, as shown in Fig. 1 ), in order to control the dimensions and location of the layer of silver paste (Heraeus ASP13106P2), which is applied using a stainlesssteel squeegee. The upper foil of the stencil has a thickness of 100 µm.
The printed parts are then left to dry on a hot plate for 10 min at 100 • C. This results in a dry, nontacky silver layer that does not spread during the pressure-assisted sintering process. After drying, the parts are stacked according to the arrangement shown in Fig. 1 . A stainless-steel alignment jig [2] is used to ensure suitable coaxiality of the stack (±50 µm).
The jig is then placed between the plates of a heating press (described in [16] ) and submitted to the following profile: First, the pressure plates are separated. A thermal cycle is initiated, with a 10 • C/min temperature ramp until 100 • C, followed by a 10-min plateau. The upper plate is then lowered and applied with a force of 196 N (corresponding to a pressure of 10 MPa in the silver layers). A second heating ramp (10 • C/min) is applied to raise the temperature to 280 • C. This temperature is maintained for 30 min, after which the plates are separated and the system is allowed to cool down naturally. A study of these process parameters and their effects is given in [18] . In the same paper, differential scanning calorimetry and thermogravimetric analysis show that this temperature profile is sufficient to eliminate all the volatile constituents from the paste. We thus consider that the final joint contains silver only. A cross-sectional view of this assembly is shown in Fig. 3 
III. CHARACTERIZATION

A. Microsections
After assembly, some of the samples were encapsulated in an acrylic resin (Buehler Varikleer) and cut using a lowspeed diamond saw (Escil Labcut 150). The surface was then polished (Presi Mecatech 334) using the following steps: P1200 SiC paper (1 min), followed by diamond slurries (9/3/1 µm, 3 min each) on hard clothes, and colloidal silica (1 min). The samples were then rinsed in deionized water and ethanol, and finally dried using a nitrogen spray dryer.
An electron microscopic image of the silver layer, recorded near to the center of the assembly, is shown in Fig. 4 . Optical microscopic images of the silver layer, taken near to its edges, are shown at three different magnifications in Fig. 5 . Note that this cross section corresponds to a simplified form of the full stack shown in Fig. 1 : Here, only two metal disks, bonded with a single layer of silver, are shown.
As can be seen in Fig. 4 , the apparent porosity of the silver layer is very low. We used image analysis software (imagej) to measure the porosity of various areas of this sample (excluding the edges of the silver layer), which was found to lie between 0%, 5% and 0%, 7%. However, this measurement was also found to vary significantly from one sample to another: Values as high as 4.4% were observed in one of the assemblies.
In order to verify if this low apparent porosity is real, or if this is an artefact of the sample preparation (smearing of the silver during the mechanical polishing), one sample was prepared by focused ion beam (FIB, Biophy Research, on a Tescan LYRA3 system). After cross section and mechanical polishing, a small (≈10 × 10 µm 2 ) window was opened in the exposed silver bondline using a beam of gallium ions. The result is visible in Fig. 6 . It shows that the porosity is indeed much higher than observed after mechanical polishing. In the FIB-milled area, the porosity is measured at 15%.
B. Mechanical Characterization
One set of stacks was submitted to shear strength tests (using a Nordson Dage tester and a custom frame to hold the circular components), leading to the results shown in Table I . The significant scattering found in this data (from 24.2 to 50 MPa) is common with such mechanical tests and can be explained by many factors, in particular small misalignments of the shear tool with respect to the circular components. Although the data set represents a small number of measurements, we conclude that all the stack interfaces are similar in strength.
One sample was used for a nanoindentation test. A microsection was produced, on which 20 indents were made at various locations on the silver joint. The corresponding force-displacement measurements are shown in Fig. 7 . Each of these curves represents the loading of the inverter (penetration into the silver layer) up to a constant force of 40 mN, followed by unloading (removal). From the unloading section of the curve, it is possible to identify the value of Young's modulus for the sintered silver [19] . Using a Poisson's ratio of 0.37 for silver, the resulting Young's modulus in the direction of the indenter is found to be 56 ± 6 GPa, whereas Young's modulus of pure silver is 76 GPa (MatWeb).
Finally, some stacks were installed in the target system, in accordance with the method described by [1] , and we measured the influence of the bonding technique on the electric signal. This is presented in Fig. 8 . Initially, a burst of power was sent to the stack in order to generate some vibrations (actuator mode). Then (after t = 1 ms), the stack was used as a sensor to measure the residual vibrations (in amplitude and frequency). These can be correlated with the density and viscosity of the surrounding fluid.
As shown in Fig. 8 , when it is used in sensor mode (after t = 1 ms), the silver-sintered stack generates a much larger signal (greater than three times) than the glue-based stack ("reference assembly"). This reveals that the sensitivity of the silver-sintered sensor is significantly better than that of the reference device.
IV. DISCUSSION
The low porosity of the silver layer is a key factor in this application: As the sensor is submitted to high temperatures and pressures during operation, a porous joint would gradually densify, leading to a change in the bondline thickness. This, in turn, would make the assembly shorter and reduce its electromechanical coupling. Typical operating conditions for PZT ceramics correspond to applications involving a preload or prestress of several megapascals. Piezoelectric ceramics are strongly nonlinear, and under preload conditions, the piezoelectric coefficient (known as the d 33 parameter) is close to its maximum and less sensitive to the temperature. The piezoelectric sensor's height stability is thus critical since it is important to avoid any loss in sensitivity resulting from a change in operating conditions.
As a consequence, it is essential to achieve the lowest possible porosity in the joints of the piezoelectric stack. The microsections performed on the samples showed that their porosity is apparently very low (less than 1%), but an FIB milling shows that the actual porosity is much higher (around 15% on the area observed). As FIB milling can only be performed locally on a small area is not clear, however, if this porosity level is representative of that of the silver bondline. Indeed, the porosity level could change due to nonuniform application of the silver paste: As shown in Fig. 5 [in particular views (e) and (f)], the bondline thickness varies Fig. 6 . Secondary electrons image of an FIB-milled area in the sintered silver layer of a sample (the same as in Fig. 4) . The apparent porosity is 15%. Fig. 7 .
Force-displacement graphs acquired using nanoindentation (Berkovitch indenter, 80 mN/min loading and unloading rate, 40 mN maximum load, acquisitions performed at 20 different locations).
across the width of the bond. From a total of 12 cross sections, although the central bondline thickness was fairly consistent for a manual process (48 µm ± 9 µm, standard deviation 4.1 µm), bond parallelism discrepancies were observed. This could be improved through the use of a better stencil printing process: suitable control of paste rheology, speed and angle of the squeegee, and so on, and should allow more uniform silver deposits to be made. However, the relatively high porosity level observed with FIB preparation is consistent with the value of Young's modulus measured at the silver joint Fig. 8 . Time-domain responses of two sensors produced using the reference and sintered assembly processes. These were acquired at 22 • C in water, with no load connected to the sensors.
(56.6 GPa), which is lower than that of bulk silver (76 GPa). This difference could indeed be explained by a presence of 5%-15% porosity inside the joint [20] . Long-term tests are ongoing to determine whether this porosity level is sufficiently low to remain stable during operation, or if a denser bondline is needed.
Although the shear strength results are not directly relevant for the sensor's application (since the stacks are submitted to compressive stress only), they demonstrate that all the interfaces in the stack are strongly bonded. The sputtered Ti/Ag layers on the metal disks also adhered very well, allowing the stack to be interfaced with conventional stainless steel and inconel components.
A considerable improvement in electromechanical coupling is shown in Fig. 8 , and was confirmed by vibrometer measurements (not shown here). This enhanced performance can be attributed to the stiffer interface material (sintered silver instead of a softer silicone-based adhesive in the reference assembly), but also to the better quality of the bondline: Very few voids can be found over the full length of the silver bondline.
From the point of view of practical applications, an additional advantage of silver sintering, when compared to organic glues, is the reduced risk of outgassing following their installation: After the silver paste has dried, all the organic constituents are removed [18] , and only pure silver remains. Manufacturing of the sensors is facilitated: Once the silver paste has been applied on the parts and dried, these can be handled with ease, with no risk of smearing the silver deposit. After drying, it is no longer necessary to assemble the parts immediately, as would be the case with a glue, and the sintering can be performed several hours (or perhaps even days) later. Finally, the press we used during this study could easily be replaced by a much simpler apparatus [21] , which would allow the sintering to be performed in an oven (thus making it possible to manufacture several stacks in parallel). This approach allows the manufacturing process to be scaled up, for the production of a large number of sensors.
V. CONCLUSION
Silver sintering is becoming a well-accepted technology for the manufacture of power semiconductor dies attaches, especially for high-temperature applications. In this paper, we present the implementation of this technology for the manufacture of a piezoelectric sensor. This involves the use of a multilayer stack, comprising different materials, which is assembled in a single sintering step.
The manufacturing details are presented. The characterization of several manufactured units shows that the silver joint has a relatively low porosity and a good adhesive properties. As a result, the complete sensor is considerably more sensitive than to currently used devices. Silver sintering is therefore a very attractive solution for the bonding of PZT actuators at relatively low temperatures, thus making it possible to avoid the risk of depolarization of these components.
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